Class I alcohol dehydrogenase (ADH) is the principal enzyme responsible for ethanol oxidation in mammals. Although primarily regarded as an enzyme that functions in the adult, Class I ADH has been reported to be present in fetal tissues. By in situ hybridization, we demonstrated the tissue localization of the Class I ADH d p t in developing rat fetuses between Days 15 (E15) and 18 (E18) of gestation. Abundant d p t s were present in epidermis, lung, and urinary bladder. In these tissues, the messages were localized primarily to the superficial layer of the epithelium and inaeased with development. The liver exhibited significant signals only in the E18 fetus, when parenchymal hepatocytes first appeared. The E15 and E16 small intestines, with their epithelium arranged in a stratified fashion, displayed signals in the submucosal mesenchymal layer. By E17, a rearrangement of the intestinal epithelium into an almost
Introduction
Alcohol dehydrogenase (ADH; alcoho1:NAD' oxidoreductase; EC 1.1.1.1.) is the principal enzyme responsible for ethanol metabolism in mammals. In addition to ethanol, ADH catalyzes the oxidation or reduction of a number of dietary and endogenous substances (1,2). In vertebrates, five classes of ADH isozymes have been identified that differ from one another in tissue distribution, substrate specificities, and kinetic properties (3) (4) (5) (6) . Class I isozyme is the most extensively studied enzyme and is responsible for a majority of ethanol-metabolizing activity in adult male rat (7) .
Expression of the Class I ADH gene is stringently controlled and is subject to tissue-specific, hormonal, and developmental regulation. In adult rat, abundance of the Class I ADH messenger RNA (mRNA) is highest in the liver, proximal small intestine, and colon (8). The testis, kidney, and lung also express the gene, although monolayer cos@uration was observed. This change was associated with a redistribution of the ADH transcript to the surf& of the epithelium. Further relocation of the memap was noted in the adult small intestine, in which they became concentrated in the base of the aypt. These findings indicate that expresion of the rat dass I ADH gene foIlows a dynamic course in specific epithelial times during fetal development. In addition, the apparent superficial localization of the ADH message in most of these tissucS suggests that ADH functions in metabolizing either endogenously or exogenously derived alcohol s u b t e s present in the fetal environment.( J Hisrochem Cytochem 
42745-753, 1994)
at a reduced level (8). Since the message content of the Class I gene correlates closely with its enzyme activity in each tissue (7,8), ADH activity is determined primarily at the level of gene expression.
Unlike the adult, only limited information is available on the expression ofthe Class I ADH gene during fetal development. Most published studies have concentrated on enzyme activity. The liver of developing rodents, for example, contains less than 10% of Class I ADH activity compared with that of the adult (9,lO). The distribution of mRNA for the various isoforms of the human Class I ADH in a number of fetal human tissues has been reported (U), but the ontology ofthe Class I gene has not been thoroughly chamterized. In the present study we surveyed the tissue distribution of the Class I ADH mRNA in developing rat fetuses by in situ hybridization. We found a difference in the spectrum of tissues that express the gene between adult and fetal rats. In addition, within certain fetal tissues, the cellular localization of the ADH mRNA is distinctly different from that of the corresponding adult tissues. The implications of these findings on the possible role of ADH during fetal development are discussed. . Day 0 of gestation was defined as the day when a vaginal plug was first noted in a female rat that had been mated the evening before. Multiple sections (two or more) of the same fetus were embedded on the same slide except for the E18 slide, on which only a single section was present. Two different fetuses for each day between E15 and E18 were studied.
Materials and Methods

Materials. A full-length cDNA clone encoding the rat Class I ADH
Preparation of RNA Probes. A 750 base pair (BP) of Hind 111-Cla I restriction fragment that corresponds to the 3' portion of the full-length rat Class I ADH cDNA was subcloned into the plasmid pBluescript SK (Stratagene; La Jolla, CA). This cDNA specifically detects a 1.7 KB message for the Class I ADH under stringent hybridizing and washing conditions (8). The anti-sense RNA probe was generated by digesting the plasmid with Cla I, followed by in vitro transcription with the T7 RNA polymerase. Similarly, the sense RNA probe was created by digesting the plasmid with Hind 111, followed by transcription with the T3 RNA polymerase. Specifically, 100 pg of the plasmid DNA was linearized with either Cla I or Hind 111 and digested with 50 pg of proteinase K in a volume of 100 p1 containing 10 mM Tris-HC1, pH 7.8, and 0.5% SDS at 37'C for 1 hr. After phenol-chloroform extraction and ethanol precipitation, 2 pg of the template DNA was transcribed in vitro in a 10O-pl reaction containing 50 mM Tris-HC1, pH 7.9, 1.25 mM MgC12, 6 mM KCI, 2.5 mM dithiothreitol (DTT), 0.5 mM each of ATP, CTP, and GTP. 12.5 NM of UTP, 50 pCi of [u-~~S]-UTP, 40 U RNAsin, and 2 U of the appropriate RNA polymerase (T7 or T3) at 37'C for 90 min. Twenty pg of carrier yeast tRNA was added at the end of the reaction, which was then treated with 1 U of RNAse-free DNAse I at 37'C for 15 min. The labeled RNA product was extracted with phenol-chloroform and precipitated with ethanol. Hybridizations were performed in parallel with equal amounts of labeled anti-sense and sense RNA probes on duplicate slide sections. The hybridization derived from the sense RNA probe served as a negative control.
Preparation of Slides. Section pre-treatment was performed according to published procedures (13). Briefly, slides bearing sectioned whole fetuses were deparaffiized with xylene, rehydrated through a series of decreasingly concentrated ethanol solutions, and then soaked in water for 5 min. Slides were subsequently treated with 0.2 N HCI for 20 min, rinsed with 10 mM Tris-HC1, pH 7.4, and 1 mM EDTA (TE) for 5 min and digested with 1 &ml of proteinase K in TE at 37°C for 15 min. The reaction was terminated by rinsing the sections in 0.2% glycine in PBS (10 mM Na phosphate, pH 7.4, 140 mM NaCI) for 2 min and then PBS for 5 min. The sectioned tissues were then refixed in 4% paraformaldehyde in PBS for 20 min. rinsed in PBS for 5 min, and treated with acetic anhydride (1:200 vlv in 0.1 M triethanolamine) for 10 min. Finally, the slides were dehydrated through increasingly concentrated solutions of ethanol and allowed to dry in the air before the addition of hybridization buffers.
In Situ Hybridization. Before hybridization, 3'S-labeled RNA probes were partially hydrolyzed with a mild alkaline solution as previously described (14.15) . Briefly, the probes were added to a solution that contained 60 mM Na carbonate, 40 mM Na bicarbonate, pH 10.2, and 5 mM MT at 60'C for 40 min. The solution was then neutralized with 100 mM Na acetate, 87 mM acetic acid, pH 5.2. and 5 mM MT. RNA fragments of approximately 300 nucleotides in length resulted from this treatment, which was confirmed by autoradiography ofthe hydrolyzed products on a sequencing gel. Approximately 2 x 10' cpm (10 ng) of the fragmented probes was added to a hybridization solution that contained 50% formamide, 4 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M Na citrate), 1 x Denhardt's solution (100 mg Ficoll, 100 mg polyvinylpyrrolidone, 100 mg bovine serum albumin in 500 ml HzO), 125 pglml yeast tRNA, and 5% dextran sulfate. Probes were heated to 80'C for 2 min, cooled, and applied to the slides bearing sectioned fetuses, and high-stringency hybridization was carried out at 5O'C overnight. At the end of hybridization, slides were washed with a solution containing 50% formamide, 5 x SSC, and 10 mM DTT at 50°C for 1 hr and then 4 x SSC, 10 mM %is-HC1, pH 7.5, and 1 mM EDTA at 37°C for 15 min. Slides were then treated with 200 Ulml RNAse T1 and 2 mglml RNAse A in 4 x SSC, 10 mM Tris-HC1, pH 7.5, and 1 mM EDTA at 37'C for 30 min and washed sequentially with 4 x SSC for 30 min, 2 x SSC for 15 min, and 0.1 x SSC for 15 min. The slides were then dried and coated with Kodak NTB-2 liquid emulsion. All slides were developed 3 weeks after hybridization, stained with toluidine blue, and examined under both bright-and darkfield microscopy. The entire field of each slide was inspected carefully to ensure that all tissues were covered in the survey.
Results
Localization of the Class I ADH Message in the E18 Rat Fetus
Two sagittally sectioned whole rat fetuses at E18 were first examined by in situ hybridization using the anti-sense Class I ADH RNA probe. Under a darkfield microscope, silver grains were concentrated in several tissues including lung, intestine, skin, and liver. The fetuses that were hybridized to the sense control RNA probe showed no such regional distribution of silver grains. A detailed assessment of the localization of the A D H mRNA was made when slides were viewed under high magnifications. In the lung, the gene was expressed in the pneumocytes (Figures 1A-1D ). The bronchial and bronchiolar epithelium contained few or no ADH messages. The tissue hybridized with the sense control probe ( Figures 1E and 1F ) showed only background distribution of silver grains. The small intestine of the E18 fetus contained villi ( Figure 2 ). In situ hybridization localized the Class I ADH message to the columnar epithelium on the villous tip ( Figures 2B and 2D ). Crypts are not established at this stage of development. The epithelium near the base of the villus contained relatively low signal intensity. Again, the tissue that was hybridized to the control sense RNA probe showed background signals only ( Figure 2F ). Two neighboring organs, the pancreas (P) and liver (Li), were present on the same section (Figure 2A) . The pancreas lacked any appreciable expression when signals from the anti-sense and sense probes were compared ( Figures   2B and 2F ). In contrast, the E18 liver had weak, albeit higher than background, signal strength (compare Figures 2B and 2F) . Under higher magnification, a large part of the liver consisted of cells of hematopoietic lineage which appeared to lack any expression [see, e.g., the lack of appreciable signals from a megakaryocyte (arrow), Figure 31 . Silver grains were primarily associated with hepatocytes at this stage of liver development (Figures 3A and 3B) . Finally, the skin showed intense and exclusive localization of the message to the outermost keratinocytes of the epidermis, clearly demonstrated with brightfield microscopy alone ( Figure 4A ). Sevcnl other tissues in adult rat, including brain, eye, kidney, and stomach, haw previously been reported to exhibit ADH a&ity. In E18 &ses, no si&icant signal for the Class I ADH mRNA was noted in brain. Information on cye, kidney, and stomach is not available, as these tissues were not present on the sections studied.
RAT PEW AKOHOL DEHYDROGENASE GENE EXPRESSION
Locdization of tbe ADH Message in ElS-E17 Rat Fetlrser
In situ hybridization of Class I ADH mRNA was also performed on rat fetuses at earlier stages of development. Results are presented at the same magnification for each tissue at different days of gesta- tion so that a semiquantitative assessment of the signal strength can bc made during fttll progression. The E15 pulmonary patenchyma was poorly organized and contained relatively frw regionalked silver grains compared with the tissue hybridized to the control sense RNA ( F i i la). By E16, hcrwcvct, the alvcola~ structure had become more accentuated and ADH expression was concomitantly increased ( Figure 5B ). This uend was maintained in E17 (Figure 5C ) and E18 ( Figure 1B) lungs.
Distribution of ADH mRNA in the developing intestines appeared to bc more complex. Our rcsults an limited to the small intestine. as the large intestine is not well represented on the sections studied. The epithelia of E15 and E16 intestines were stratified, and the hybridized signals were primarily localized to the submucosal mesenchyme ( F i r e s 6A and 6B). This fmding was bener illustrated when the E15 intestine was viewed under a higher magnifcation (Figures 6C and 6D) . By E17 of development, the intestinal epithelium had cvolvcd into an almost monolayer c o n f i ition and ADH messages were found mostly near the &e of the -7.
- d ( h r A # l l h W a d - (Figure 6E ). Further organization of the epithelium into a monolayer had occurred by E18, when the signals were clearly most intense at the ups ofthe villi (Figure 2B) . These findings contrast drastically with those observed in 3-month-old adult small intestine, in which most of the ADH &A is confined to the bases of the crypts (Figure 6F) . Other observations of the gastrointestinal tract included the esophagus, which showed submucosal localization of the mRNA between E15 and E17, and the E17 stomach, which lacked expression (results not shown).
The distribution of the ADH message in the skin of developing rat fetuses is reminiscent of that in the developing lungs. Although persistently expressed in the outermost layer of the epidermis, the intensity of the signal nevertheless increased with maturation ( Figures 7A-7D ). An additional tissue that exhibited significant hybridization signals was the urinary bladder. Figure 8 shows the results obtained with the bladder between E15 and E17 of fetal development. An increase in signal intensity was noted. The messages were mostly localized to the transitional epithelium rather than the muscular layer. Finally, when sections of fetal livers from E15 to E17 fetuses were examined, no difference in signal strengths could be detected between the anti-sense and sense probes (results not shown).
Discussion
Previous studies of Class I ADH during fetal development were focused primarily on the liver. Starch gel electrophoresis of homogenates from developing rat fetal livers showed that Class I ADH was first detectable on E19, although its activity could be detected as early as E15, being 2% of the adult activity (9). During human fetal development, Class I ADH transcripts could be detected in the lung and intestine in addition to liver (11). No systematic survey, however, is available on the tissue distribution of the ADH message and its ontology in developing fetuses. Using in situ hybridization, we are now able to address this issue directly.
A finding of our study is the difference in the spectrum of tissues that express the Class I ADH gene between fetal and adult rats. Previous analysis of the ADH message in adult rat indicates that it is most abundant in the liver and in regions of the intestine (8). In situ hybridization of the rat fetuses, however, suggests that the lung, skin, and urinary bladder, in addition to intestine, contain the highest message concentration. Although the adult lung and utinary bladder are shown to exhibit moderate amounts of Class I ADH activity, the skin of adult rats was reported to lack this isozyme completely (7). The fed liver, although containing some ADH "A, is largely occupied by hematopoietic cells, which do not appear to express the gene. These findings indicate that, in contrast to the adult, the liver may not be the primary site of ethanol metabolism through the ADH pathway in developing fetuses. Our results certainly do not rule out the possibility that other ethanoloxidizing systems, such as the microsomal cytochrome P450 (P450IIE1) (16) pathway, might be functioning in the developing fetal liver.
Our study involved rats at different stages of late fetal development. In tissues that express the Class I ADH gene, its message content appears to increase with time between E15 and E18. Thus, for emmple, the skin from an E15 fetus exhibited little signals. How-ever, by E18, markedly enhanced expression in the skin was apparent. Similar findings were noted for the developing lung, small intestine, and urinary bladder. These observations suggest that expression of the Class I ADH gene in various tissues during fetal development is temporally regulated. Our study also indicates that Class I ADH is an enzyme that functions relatively late during development. Whether the other classes of ADH isozymes are present in tissues at the stages ermined is not known. In addition, whether fetuses (or embryos) from earlier stages of development exhibit any ADH activity and, ifso, whether activity is contributed by Class I isozyme or the other classes of ADH, remains to be determined.
Another striking finding of our study was the apparent localization of the Class I ADH message to cells located at the superficial layer of a number of epithelial tissues. This phenomenon was especially pronounced in older fetuses. Thus, in an E18 fetus, the ADH message was concentrated on the outermost keratinocytes of the epidermis, the alveolar pneumocytes of the lung, the columnar epithelium at the villous tip of the small intestine, and the transitional epithelium of the urinary bladder. These results suggest that Class I ADH functions to metabolize certain physiological substrates in the epithelia of developing rats. One such candidate is retinol, which is known to be a substrate of ADH (17, 18) and an important mediator of epithelial differentiation (19, 20) .
In addition, as ADH has been postulated to participate in cellular defense mechanisms (21), it may be involved in detoxification of exogenous alcohols that are derived from matemally ingested food-
stuffs.
A final interesting finding of the study was the relationship between expression of the Class I ADH gene and morphogenesis of the intestinal tract. In adult intestine, expression ofthe ADH gene is highly regionalized. Its message content is very high in proximal small intestine and colon but is absent in distal small intestine (8). Furthermore, the expression was highly compartmentalized, with cells located at the base of the intestinal crypt containing the most abundant message. In contrast, in an E18 rat fetal intestine, Class I ADH mRNA was clearly localized to the surface of the villus. This surface distribution is in turn different from that observed in intestines at earlier stages of development. For example, the epithelium of E15 and E16 intestines was a stratified structure and ADH was primarily expressed in the subepithelial mesenchyme. These observations are similar to the expression of the lactase gene in the developing rat small intestine (22), illustrating the dynamic nature of expression of a number of genes during intestinal morphogenesis. Since ADH is involved in retinol metabolism ( 
